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�
A Greenfunction linearcombinationof atomicorbitalstechniqueis usedto theoreticallycalculatethe

“inelastic” scanningtunnelingmicroscopeimageof a ���
	�� moleculeadsorbedon Cu(100)andexplain
pre
 vious experimentalresults. Our analysisof the inelasticscatteringprocessin termsof the orbitals
sho� ws that a destructive interferenceoccursin the inelasticscatteringby the C-H bendingmodes.This
results� in a muchsmallerinelasticfractiondueto thebendingmodesascomparedto thestretchingones,
and� explainswhy the former cannotbe observed experimentally.

PACS numbers:73.40.Gk,61.16.Ch,68.35.Ja,82.65.Pa

Inelastic
�

tunneling spectroscopy of molecules in an
interfacehasbeenknown for several decades[1]. How-
e� ver, only very recently it has become possible to
perform� inelastic tunnelingexperimentswith a scanning
tunneling
�

microscope(STM) [2,3]. This newly available
technique,
�

i.e., inelasticelectronscanningtunnelingspec-
troscop
�

y (IESTS), hasa crucial importancesinceit allows
one� to spatially visualize the fraction of inelastically
scatteredelectronsby the different vibrational modesof
the
�

adsorbate.
It
�

is thus necessaryto perform a quantitative calcula-
tion
�

of the inelasticimages,in orderto interpretthoseob-
tained
�

experimentally. Despitethefactthattherehavebeen
severalmodelisticapproachesto theproblem[4–8], to our
kno
�

wledge no calculationof spatially resolved inelastic
currents� had yet beenpublished. In this paperwe want
to
�

show how sucha calculationcan be carriedout, and
that
�

evena “simple” linearcombinationof atomicorbitals
(
�
LCAO) approachyieldsa reasonableagreementwith ex-

perimental� results. Our approachpermitsone to analyze
the
�

inelastic current in terms of molecularorbitals. By
doing
�

so we areableto give an intuitive interpretationto
the
�

in principle “mysterious” fact that the C-H bending
modescannotbe detectedexperimentally.

W
�

e will first outline the methodto computeinelastic
tunneling
�

currents[8,9]. Then we explain the computa-
tional
�

detailsof thepresentcalculation,andafterwardswe
present� anddiscussour results,comparingthemwith the
e� xperimentalones.

The inelastic scatteringof an electron by the vibra-
tional
�

modesof anadsorbedmoleculeis describedby the
Hamiltonian����� �"!$#&%')(*,+-/.1032547698;:<)=>@?ACBDFEHGJILKMONPRQTSUWVYX[Z]\ ^`_ba cedf gihjlkmonp qsr (1)

�
The inelasticcoupling takes placeonly in a localized

groupt of orbitals,definedby theoperatorsuvxw andy z{l|} . The
coupling� of the electronwith the vibrational mode ~ is

�
git ven by the � ’s, which aredefinedas[4]

�b� �e�� ��� �L�@� ��L��� �e�/� �e�C�l�,����� �e���¡ /¢9£ ¤l¥§¦©¨5ª¬«®­°¯²±Y³µ´W¶]·¹¸»º¼@½
(2)
�

where¾ ¿9À is
�

theenergy of thevibrationalmode.Fromhere
we¾ will assumeonly onevibrationalmodefor simplicity,
b
Á
ut the extensionto the multiple modecasecanbe made

straightforwardly. Theinelasticmatrix thusdefinedcanbe
shown to be equivalent to the inelasticcouplingelements
usedÂ in [10] to calculatethevibrationallifetimesof adsor-
bates
Á

dueto theelectron-holepairdeexcitationmechanism.
Thewave functionof theelectronplusoscillatorcanbe

written¾ asÃ5Ä;Å)ÆÈÇ ÉËÊ ÌoÍÏÎËÐ ÑLÒ5ÓÕÔËÖ ×ÙØ)ÚÜÛ ÝËÞ ßYà&áËâ ã
ä¬åçæ�è,éëê ì»íÏîðïµñóò ôlõ÷öëø5ù�úÙûYü
(3)
�

where¾ ý þ»ÿ���� depends
�

on thephononcoordinatesand �����
	
on� theelectronicones.The ����

� describe

�
thepropagating

eigenfunctions� of theelectronfar from thescatterer. Thus,
in
�

thebaseof ������� ��� the
�

Hamiltonianelementsare�����
� �� "!$#�%'&)(�* +�,�-/.�0 13254�687:9<;�=�>
?A@�B CED)F�G H�I5JLKEM<N OQPSR)TVULWYX Z�[ \
]_^a` bdc�e�f�gVhai�jlk m�nporqVsutv
w�xzy|{~}<�8�:�<�r��
�)�

(4)
�

If
�

we now transform to a localized orbital base, the
Hamiltonianmatrix elementslook like�E����� ��� ���'�/��� ��������� ���<��� �/¡ ¢�£

¤¦¥�§ ¨E©)ª�« ¬�­5®L¯±°³² ´QµS¶)·V¸L¹Yº »�¼ ½�¾À¿ ÁÃÂ
(5)
Ä

This is the Hamiltonianof a seriesof equivalentsystems
shiftedby anenergy Å withÆ respectto theimmediateone,
andÇ coupledby elementsÈlÉ Ê atË a spatiallylocalizedregion
comprisingÌ theadsorbateandits neighboringatoms.This
is schematizedin Fig. 1.

The
Í

fraction of electronsthat is inelasticallyscattered
leaving the moleculein its Î th

Ï
excited vibrational level

is
Ð

just the fraction of the currentexiting throughbranchÑ whenÒ it is injected throughbranch ÓpÔ in Fig. 1. This
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FIG. 1. Schematicrepresentationof the total Hamiltonian in
Eq. (5). Eachof the horizontalchainscorrespondsto the elec-
tronic Hamiltonian äæåèçêéæëaìæíïîñðóò . They arecoupledby the
inelasticcoupling matrices ô .

fraction, õ÷öùøVúüû ý�þ ÿ�� , is obtained in a Green function ap-
proach.� In general,�����	��

��������
� ����� �����! �"$#�%'&)(+*-,�.0/2143 (6)

5
with6 the conductances7 being

8
given by [8]

9;:=< > ?A@CBEDGF0HI Tr JLK2M�NPOLQSR!TVUXWY2Z\[�]Ê _̀baXc�dSe'f)g+hAijlkXmn2oApqsrVtvu (7)
5

Here the matrix w is the total Greenfunction of the
coupledx system(the indexes y andz { in

|
generalrepresent

groups} of many orbitals). The local densitiesof states~P�
andz �P� correspondx to thesampleandtip “decoupled

�
” elec-�

trodes.
� �`�

andz �`� arez the Hamiltonianmatricescoupling
the
�

“ inelasticisland” to
�

thesampleandtip electrodes.The
e� xperiment in Ref. [3] was shown to be of the “coher-x
ent� excitation” mechanism� type [7]. This meansthat the
dee
�

xcitationtime of themoleculeis muchshorterthanthe
mean� timebetweentunnelingelectrons.Thuswe justneed
to
�

considerthesingleelectroninelasticscatteringprocess,
in
|

the way of Eqs.(6) and(7).
W
�

e have appliedthe above formalism to the caseof a�!�����
molecule� adsorbedon Cu(100), in an LCAO ap-

proach.� TheHamiltonianof thesamplewas setfollowing
the
�

way describedin [11]. The hoppingmatrix elements
arez thoseparametrizedby Harrison[12]. They arerotated
accordingz to the usualSlater-Kosterprocedure[12]. As
in [11], the diagonalmatrix elementsare taken so as to
obtain� the orbital levels describedin [13]. A Greenfunc-
tion
�

“decimation
�

” technique
�

[14] hasbeenusedto project
the
�

electronicstructureof thesemi-infinite metalonto the
Cu(100)
�

surfaceatoms.Then,the moleculeis coupledto
the
�

Cu(100)surface. In the parallel direction, a periodi-
calx����)� surfacecell hasbeenused.Self-consistency has
been
8

taken into accountby allowing a charge transferto
the
�

molecule,ascalculatedby [15].
The
�

tip has been modeled in the simplest possible
w6 ay, in order not to introduceany effects other than the
sampleproperties. Therefore,a tip apex with � -orbital
symmetryhasbeenconsidered.The tip’s Greenfunction
projected� onto its apex has beenconsidereda constant

imaginary
|

quantity, so that the local density of states
(
5
LDOS) is constantin the whole energy range.An expo-

nential� dependencehasbeenassumedfor the tip-sample
hoppingmatrix elements.Theexponentfor thetip-copper
elements� is such that the conductancevs separation
dependence
�

agreeswith the potentialbarrierof the metal
surface.Exponentsfor the hoppingelementsbetweenthe
tip
�

and the adsorbateatomsare obtainedfrom the Slater
orbitals� given in [16]. For the Cu surfacewe have used
az single � -bandmodel. The prefactorsfor the tip-copper
andz tip-C matrix elementswere determinedby a bestfit
of� the calculatedelastic imageto the experimentalSTM
elastic� image. In this way we ensurethat the electronic
structureof thesampleis well described.This completely
determines
�

theHamiltonian,beforecalculatingthe inelas-
tic
�

images. Afterwards, the inelastic imagesjust follow
straightforwardly from Eq. (7).

Once
�

we have the electronicHamiltonian, we calcu-
late
�

the inelasticcoupling matricesaccordingto Eq. (2),
using� the experimentallymeasuredfrequencies(summa-
rized� in Ref. [3]). This hasbeendonefor seven different
vibrational  modes: the C-H stretches,C-C stretch,C-H
scissor, C-H wag, C-H twist, and molecule-metalstretch
[3]. The inelasticcouplingmatrix is includedto construct
the
�

total Hamiltonianof the system,from which we ob-
tain
�

the total Greenfunction. Thenwe useEq. (7) to ob-
tain
�

the elasticand inelasticconductancefor eachof the
vibrational  modes.

First we show in Fig. 2a the calculatedelasticconduc-
tance
�

versusthe tip’s position, Log¡s¢�£0¤�¥�¦L§©¨sª , for a 7 Å
«

tip-surf
�

aceseparation.Thecalculatedcorrugationis 0.2 Å
(the
5

experimentalonereportedin [3] is 0.3 Å
«

).
¬

W
�

e have then calculated the inelastic conductance
asz a function of the tip’s position (Fig. 2b) and the
v  oltage (Fig. 3a). We find a dominanceof the C-H
stretchmodeover the other ones,in agreementwith the
e� xperimentalevidence [2,3]. The calculatedprofile of­G®�¯±°�²´³ µ�¶�·;¸L¹
º¼»0½�¾0¿SÀ;ÁLÂ
Ã is plotted in Fig. 2b, togetherwith
the
�

experimentalpoints of [3]. The latter corresponds
to
�

“ rotation rate” prof� iles, rather than direct inelastic
currentx measurements,but they can be assumedto be
fairly proportionalto the inelasticcurrentscatteredby the
C-H
�

stretch,since this mode is clearly dominant. The
prof� iles have been calculatedkeeping the tip 7 Å ove� r
the
�

surfaceatoms,startingat the centerof the molecule
andz displacing it laterally in a rangeof 5 Å, following
tw
�

o perpendicularlines: along the molecule’s axis and
perpendicular� to it. The profile calculatedalong the axis
of� the moleculeis higherthanthe oneon the perpendicu-
lar
�

, in agreementwith the experiment. When the tip is
laterally displaced5 Å from the center, the calculated
inelastic
|

fractiondecreasesby 2 ordersof magnitude,also
in agreementwith the experimentalprofile. The slight
b
8
ump shapenear the centerof the moleculeis due to a

sharpdecreaseof the elasticconductance(Fig. 2a). This
featureis more pronouncedin the experiment,what can
be
8

attributed to a higher experimentalcorrugation. The
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FIG. 2. (a)CalculatedconstantconductanceSTM imageof the
acetylenemoleculeon Cu(100) (low bias limit, Å�ÆÈÇ ). The
white lines indicate the surface net, and the circles mark the
positionsof themolecule’s atoms.(b) Calculatedinelasticfrac-
tion of scatteredelectronsdueto the C-H stretchingvibrational
modesplotted as a function of the tip’s lateral displacement
(parallel to the surface), for electronswith ÉËÊÍÌ;ÎÐÏÒÑ0Ó�Ô±ÕÖ , and
experimentalresultsfrom [3]. The 0 displacementcorresponds
to the tip locatedover the centerof the molecule. Solid line
(calculated) and circles (expt.): profile along the axis of the
molecule.Dottedline (calc.) andtriangles(expt.): profile along
the line perpendicularto the molecule’s axis.

calculatedx value of ×GØ�ÙÛÚVÜ´Ý Þ�ß0à�áVâ�ã�äæå is about ç0èêé (about
5ëVìêí

of� the total conductance). The fractions experi-
mentally measuredby STM inelastic electron-tunneling
spectrosocpy (STM-IETS) are very much tip dependent,
andz oscillate betweenîêï andz ðVñêò , being of the same
order� of magnitudeasour result.

Theprofiles calculatedfor othermodesaresmallerthan
the
�

C-H stretchfor theexperimentalrangeof energies(as
shown in Fig. 3a). Near the centerof the molecule,the
C-C
�

stretchingmode’s inelasticfraction is 0.3 times that
of� theC-H stretch.This ratio might beanoverestimation,
being
8

thereal ratio smaller, sincea 0.3 would in principle

FIG.
ó

3. (a) Dependenceof the inelastic conductancefor the
dif
ô

ferentmodesasa function of the electron’sõ energy. The tip
is locatedover thecenterof themolecule.Theinelasticconduc-
tance
ö

hasbeennormalizedby theelasticoneat thesameenergy.
The elasticconductanceat this tip’s position keepsquite con-
stantõ alongtheenergy range,changingjustby aboutafactorof 2.
(
÷
b) Interferenceeffect in thecaseof theC-H symmetricstretch-

ing modeandtheC-H scissormode.In thecaseof thestretching
mode,ø the inelasticscatteringthroughorbitals ùûú2ü and ýûþ2ÿ in-

�
terferes
ö

constructively (solid line). The interferencebecomes
destructi
ô

ve if we changethe sign of ����� and� �	��
 in the inelastic
scatteringõ matrix (dashedline). Similarly, the destructive inter-
ferencein the caseof the C-H scissormode(dash-dottedline)
becomes
�

constructive when 
	������������� (dottedline).

alloz w theSTM-IETS detectionof the C-C mode.A more
ref� ined Hamiltoniangoing beyond Harrison’s matrix ele-
mentsmight give a smallerratio. Nevertheless,onewould
not expect a significant difference regarding the order
of� magnitude.

The clear dominanceof the C-H stretchover the C-H
bending
8

modesin the inelasticscatteringof electronsis a
quite� striking fact. The greaterthe frequency the smaller
the
�

meandisplacement,what implies a smaller inelastic
couplingx according to Eq. (2). This argument would
thus
�

opposeboth the experimental and the calculated
e� vidence. In fact, the absolutevaluesof the calculated
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inelastic
|

coupling matrix elementsare of the sameorder
of� magnitudefor thestretchingandbendingmodes,being
e� ven biggerin the latter case.If we now look at the volt-
agez behavior of the inelasticfractionsof theconductance,��� ��� �"!$#�%�&('*) + , -/."021�3 we6 find a markedly differentbehavior
between
8

themodes:while thestretchingmodecontribution
k
4
eepsquiteconstantin a rangeof severaleV, thebending

modes� presenta deep decreasenear the center of the
graph,} andgrow even higher thanthe C-H stretchcontri-
b
8
utionathighbiases.Thesefactsindicatethatinterference

between
8

several orbitals is taking place in the inelastic
conductionx process.

To illustratethiswewill comparethesymmetricbending
mode(scissor)with the symmetricC-H stretchingmode.
Since
5

theseare symmetricmodes,they do not mix elec-
trons
�

from stateswith odd symmetry. The tip is on top
of� the molecule,so only electronsof even symmetrycan
tunnel.
�

Therefore,we can forget aboutall the odd sym-
metry� electronsin theproblem,andconsiderjust the four
symmetricmolecularorbitals (687:9	;=<8>@?�A�BDC , and E(F:G ; at
subindexes we will denotethem by 2, 3, 4, and 5, re-
spectively). Fromthoseorbitals,only one(thehighestoc-
cupiedx molecularorbital, denotedHDI by

8
Hoffman [13])

has an appreciabledensity of statesat the Fermi level.
Thus
�

only this orbital carries current elastically to the
tip.
�

However, the inelastic processtakes place at more
than
�

just this orbital. Otherwisethe inelastic fractions
due
�

to the two modeswould be exactly proportionalbyJLK M�N2OPO/Q(RLSPT U
, which is not the case. Furthermore,the in-

elastic� matrix elementfor the VDW orbital� in the scissor
mode turns out to be bigger than that in the symmetri-
calx stretchingmode.Theseconsiderationsimply thatthere
is
|

interferencebetweenseveral orbitals in the inelastic
conductionx process.

Ev
X

en after simplifying the problemto a 4 orbital one
(the
5

Cu atomsaffect very little to the inelastic current),
the
�

analysisis still not trivial, sincethe YLZ2[ \ matrix� hasa
dimension
�

of ]�^`_ba c . Nevertheless,only the elementsdLegf h8i
arez important.This canbeproven by useof Eq. (7)

andz the fact that the threeorbitals other than jDk have a
much� smallerLDOSattheFermilevel thanthelatter. Thus
the
�

analysisreducesto a comparisonof only four numbers
for
l

the two modes.
From thesefour elements,the biggeronesare mon	p q andzros	t u
. Now, sgnv=w@xPy z{	| }�~���� sgn�=�:�P� ��	� � � , while sgn�=�@� ���2�P��	� �����

sgn�=�@� ���2�P����  �¡ . This qualitative differenceresults in a con-
structive interferencein the stretchcaseand a destruc-
ti
�
ve one in the scissorcase. To prove that this is so, we

have changedthe sign of ¢¤£�¥ ¦ in the two cases,obtaining
the
�

curves shown in Fig. 3b. It is clear how the quali-
tati
�

ve behavior of the two modesis exchanged:now the
stretchingmode inelastic fraction is smaller and shows
az decreasein the middle of the graph, while the scis-
sor mode increasesat that region, and shows a much
bigger
8

value, being the dominatingone. Further analy-
sis shows similar interferencestaking placefor the other
bending
8

modes.

The
�

geometrical origin of the relative signs arises
simply from the fact that (1) the§ stretching mode affects
mor¨ e strongly the hopping between the s orbitals at H
and© C, while (2)

5
the§ scissor mode affects that between

the§ hydrogen s orbital and the carbon p orbital taken
perpendicularª to the bond direction. The relative signsof
the
�

molecularwave functionat theseatomicorbitalsdiffer
between
8

the «8¬:­ andz ®8¯@° for
l

the first case,andcoincides
for the secondcase,originating the sign relationsin ±
discussed
�

before.
W
�

e have shown how to calculateinelasticimagesof ad-
sorbedmolecules,andhavecomparedwith theexperimen-
tal
�

onesin the caseof anacetylenemoleculeon Cu(100).
A dominanceof the C-H stretch mode over the other
modes� hasbeenobtained,in accordancewith experimen-
tal
�

evidence.The calculatedinelasticprofiles arein good
qualitati� ve agreementwith thosereportedexperimentally.
As afunctionof thebias,two qualitatively differentbehav-
iors
|

have beenobtainedfor the C-H stretchingandbend-
ing modes.This differencehasbeenshown to correspond
to
�

an interferencephenomenonin the inelasticscattering
process,� andis believed to be the reasonwhy thebending
modes� have not beendetectedexperimentally.

W
�
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